An important consideration in the construction of active and stable circularly permuted proteins is the connective sequence that links the native N-and C-termini. For this reason, various lengths of polyglycine linkers (two, three, four, five and six glycines) were employed to connect the original N-and C-termini of a circularly permuted construct of Escherichia coli dihydrofolate reductase (DHFR) in which the new N-terminus was Met16. Examination of the circular dichroism (CD) spectra, gel-filtration chromatography elution profiles, urea-induced unfolding properties and enzyme kinetics revealed that, among the linkers tested, a linker length of five glycines was the most favorable. The V max of the circularly permuted variant with a five glycine linker (cpM16G5) was about 20% that of wild-type DHFR, although far UV CD spectra, gel filtration elution time, conformational stability and K m for the substrate dihydrofolate and K d for the coenzyme NADPH were comparable in the two proteins. Another circularly permuted DHFR with a five glycine linker in which a new N-terminus was created at Leu24 (cpL24G5) was also constructed and assayed. The V max of cpL24G5 was almost the same as the wild-type, presumably due to the optimization of the glycine linker. The improved activity of the Leu24 permutant is probably due to the disruption of a catalytically important structure, the M20 loop, in the Met16 permutant.
Introduction
Protein engineering studies have revealed that the N-and C-termini of proteins can be moved to alternative positions in their primary structure with only small effects on tertiary structure and function (Goldenberg, 1989; Luger et al., 1989 Luger et al., , 1990 . Alteration of a protein in this way (circularly permution) can be achieved by covalently connecting the natural N-and C-termini with a peptide linker and cleaving the peptide backbone to generate new termini. The first circularly permuted protein was made by Goldenberg and Creighton (1983) who used chemical and enzymatic methods to produce circularly permuted bovine trypsin inhibitor. More recently, active circularly permuted variants of phosphoribosyl anthranilate isomerase have been constructed through the expression of the corresponding circularly permuted gene (Luger et al., 1989) . To date, a number of circularly permuted proteins with various types of folded structures have been constructed: phosphoribosyl anthranilate isomerase (Luger et al., 1989 (Luger et al., , 1990 , dihydrofolate reductase (Buchwalder et al., 1992; Protasova et al., 1994) , aspartate transcarbamoylase (Yang and Schachman, 1993) , interleukin 1β (Horlick et al., 1992) , T4 lysozyme (Zhang et al., 1993) , β-glucanase H (Hahn et al., 1994) , ribonuclease T1 (Mullins et al., 1994) and α-spectrin SH3 domain (Viguera et al., 1995) . The variety of structural motifs represented by these proteins demonstrates that the propensity to fold is not limited by the type of secondary structure nor the distribution of these elements in the sequence. However, Viguera et al. (1995) have shown that the order of secondary structure elements influences the folding and unfolding kinetics of the protein. From a thermodynamic perspective, there are two requirements for design of a permuted protein. First, native N-and C-termini must be linked with a minimal strain. Second, a location for the new termini must be found that also does not alter the native structural frame.
Dihydrofolate reductase (DHFR; EC 1.5.1.3) is a monomeric, two domain protein that catalyzes the reduction of dihydrofolate (DHF) to tetrahydrofolate (THF), using the reducing cofactor NADPH. DHFR is a clinically important enzyme not only as the target of a number of antifolate drugs, such as trimethoprim and methotrexate, but also because it can be used to produce l-leucoverin, an anti-cancer drug (Ohshiro et al., 1992) , in a sterospecific manner. The tertiary structure of this enzyme is a doubly-wound, parallel α/β sheet, comprised of four α-helices and eight β-strands. The distance between the N-and C-termini of E.coli DHFR is approximately 14.5 Å, based on the crystal structure (Bystroff and Kraut, 1991) . Although site-directed mutagenesis has been used to create amino acid substitutions at more than 25 positions (Villafranca et al., 1983) , only two circular permutants have been reported. Buchwalder et al. (1992) constructed a fully active circularly permuted mouse DHFR in which the new termini were inserted just before the adenine binding domain. A similar circularly permuted E.coli DHFR showed molten globule-like properties (Protasova et al., 1994; Uversky et al., 1996) . The major difference in these constructions was that a shorter linker was used in circularly permuted E.coli DHFR than mouse DHFR. The strain induced by the shorter linker appears to have destabilized the conformation, leading to a more flexible, less structured form.
Recently, Sawaya and Kraut (1997) showed by crystallographic studies that loop and subdomain movements are involved in the catalytic cycle of the DHFR reaction. In particular, a loop from residues Ala9 to Leu24, known as the M20 loop, can occupy four different conformational states: the open, closed, occluded and disordered states. This variability of conformation suggests that DHFR may tolerate the insertion of new N-and C-termini in this region. Also because these loop states might be perturbed if the backbone of the loop is cleaved, a circularly permuted variant with new termini in the M20 loop may offer an interesting test of the contribution of this loop in the catalytic reaction.
In this study, a circular permutant of E.coli DHFR was constructed with Met16 as the new N-terminus. Because Met16 can be used as a translation initiation site, no further modification of the terminus was necessary. In anticipation that the linker length would be an important factor in the activity of circular permutants, various lengths of glycine linker were examined with respect to spectroscopic properties, conformational stability, Stokes radius and enzymatic activity.
Materials and methods

Chemicals
The methotrexate (MTX)-agarose affinity resin was obtained from Sigma. DEAE-Toyopearl 650M was purchased from Tosoh Co. (Japan). Restriction enzymes, T4 DNA ligase and Taq polymerase were obtained from Takara Shuzo Co. (Japan). All other chemicals were of reagent grade.
Molecular cloning experiments
Digestion with restriction enzymes, ligation of DNA and PCR reactions were carried out according to the manufacturer's protocols. Escherichia coli HB101 was used for a cloning host. Preparation of competent cells and transformation were performed as described by Hanahan (1983) . Trimethoprim (tmp)-resistant transformants which overexpressed active DHFR were selected on an agar plate containing 8g/l tryptone (Difco), 5 g/l yeast extract (Difco), 5 g/l NaCl, 50 mg/l tmp, 200 mg/l ampicillin and 15 g/l Bacto agar (Difco). Preparation of plasmids was carried out according to the method described by Birnboim and Doly (1979) or by Maniatis et al. (1982) . Sequencing Nucleotide sequencing was carried out according to the Sanger method using single-stranded DNA as a template (Sanger et al., 1977; Messing, 1983) . N-terminal amino acid sequence was determined by Edman degradation on a Beckman System Gold LF3000 protein sequencer equipped with an on-line PTH amino acid analyzer.
Protein purification
Purification of circularly permuted variants of DHFRs was carried out mainly by MTX-affinity chromatography, taking advantage of adequate pre-purification steps from cell-free extracts . The purified proteins were homogenous as judged by SDS-PAGE (Laemmli, 1970) . Protein concentration was determined by the absorbance at 280 nm using the extinction coefficient (ε 280 ϭ 31 100 M -1 cm -1 ) (Touchette et al., 1986) for wild-type DHFR. No detectable change in extinction coefficient was observed for circularly permuted variants when ε 280 was determined by measuring the protein concentration by the method of Bradford (1976) .
LC-MS measurements
All mass-spectroscopic (MS) measurements were carried out in the positive-ion mode using a PE Sciex API III triple quadrupole mass spectrometer. For on-line LC/MS measurements the nebulization probe inlet was coupled directly to a splitting device. The split was adjusted to provide a flow of 5 µl/min to the mass spectrometer (total effluent, 200 µl/min). Separation was carried out with an acetonitrile gradient from 10 to 60% containing 0.1% TFA on a C-18 column (1502.1 mm). The ionspray tip was held at a potential of 5000 V. Compressed nitrogen (pressure set at 80 p.s.i. and flowrate at 0.8 l/min) was employed to assist liquid nebulization. A curtain gas (nitrogen) flow of 1.2 l/min was used to prevent moisture from reaching the orifice and the quadrupole guidance lens. The MS system was operated with an orifice voltage of 100 V and the scanning range was from 400 to 2400 m/z using a step size of 0.5 units and dwell time of 1 ms. CD measurements Circular dichroism spectra were scanned with a 15 s averaging time from 250 to 190 nm using 1 or 2 mm cuvettes with protein concentration of 0.02-0.2 mg/ml on an Aviv spectrometer, model 62DS. The raw data were converted to mean residue ellipticity (MRE) by
where Θ is the ellipticity in degree, C is the molar protein concentration, D is the pathlength in cm and N A is the number of residues in the protein.
Size-exclusion chromatography
Size-exclusion chromatography was carried out using a Superdex G75 column on a Smart system (Pharmacia, Sweden). The elution was carried out at constant flow rate of 40 µl/min with 10 mM potassium phosphate buffer, pH 7.8, containing 0.2 mM EDTA and 1 mM β-mercaptoethanol at 15°C. Absorbance was monitored at 280 nm. As molecular size (weight) standard proteins, bovine serum albumin, egg albumin, β-lactoglobulin, myoglobin and ribonuclease were used.
Urea denaturation
Urea-induced unfolding of proteins was studied by difference ultraviolet spectroscopy (Touchette et al., 1986) at 292 nm on Table I . A list of primers used for the construction of tethered dimer and circularly permuted genes Primers Sequence
a Shimadzu UV-3100PC spectrophotometer. All samples were dialyzed against 10 mM potassium phosphate, pH 7.8, 0.2 mM EDTA and 1 mM β-mercaptoethanol. The proteins were diluted to varying final urea concentrations in the above buffer and incubated at least 30 min at 15°C prior to the collection of spectra. The signal was found to be invariant after 30 min, demonstrating that equilibrium had been reached. Final protein concentrations ranged from 0.1 to 0.5 mg/ml. The unfolding transition was judged to be fully reversible by the recovery of the absorption spectra at various urea concentrations after incubation in 8 M urea. The reversibility was also demonstrated by the complete recovery of the enzymatic activity after incubation in 8 M urea and dilution with buffer. Equilibrium unfolding data obtained from the difference in extinction coefficient at 292 nm were analyzed based on a two-state model as described previously (Santoro and Bolen, 1988; .
Enzyme assay
The activity of DHFR was determined spectrophotometrically at 15°C by following the disappearance of NADPH and DHF at 340 nm (ε 340 ϭ 11 800 M -1 ) (Hillcoat et al., 1967) . The standard assay mixture contained 50 µM DHF, 100 µM NADPH, 14 mM β-mercaptoethanol, MTEN buffer (50 mM 2-morpholinoethanesulfonic acid, 25 mM tris(hydroxymethyl)-aminoethane, 25 mM ethanolamine and 100 mM NaCl, pH 7.0; Morrison and Stone, 1988) and the enzyme in a final volume of 2 ml. The reaction was started by the addition of DHF. NADPH binding NADPH binding was studied following fluorescence of various concentrations of NADPH (Ex, 340 nm; Em, 435 nm; 15°C) in 10 mM potassium phosphate buffer, pH 7.8, containing 0.2 mM EDTA, 1 mM β-mercaptoethanol and the enzyme using Shimadzu RF-1500 spectrofluorophotometer. Fluorescence in the mixture without the enzyme was subtracted as background and the difference was plotted versus the concentration of NADPH. Then, the dissociation constant, K d , for NADPH was determined by fitting to the following equation 
Results
Construction and production of circularly permuted variants
For the systematic construction of circularly permuted genes, a tethered dimer gene is quite useful. The strategy for construction of a DHFR tethered dimer gene is shown in Figure 1 . Because a gene consisting of two identical genes tethered together was unstable in the transformed cells, two coding sequences for wild-type DHFR, one from natural source on the plasmid pTP64-1 (Iwakura and Tanaka, 1992) and the other from an artificially reconstructed gene on the plasmid pTZwt , were used for the construction of the tethered dimer gene. By designing the C-terminal primers (G2M, G3M, G4M, G5M and G6M) listed in Table I , various glycine linkers two to six residues in length could be introduced. All the tethered dimers with different linker lengths were stably expressed in E.coli cells using previously reported methods (Iwakura and Matthews, 1992) , and the resulting plasmids were isolated. Figure 2 shows the construction strategy for circularly permuted genes using the tethered dimer gene as a PCR template. In this construction, by repeating the PCR procedure, an overexpression promoter and a ribosome binding site were attached to the coding sequence of the circularly permuted proteins. Additionally, a BamHI restriction site was introduced at each end. The BamHI-digested circularly permuted gene was inserted into the BamHI site of pUC19 multicopy vector, and then used to transform E.coli. All the circularly permuted proteins (hereafter referred to as cpM16G2, cpM16G3, cpM16G4, cpM16G5 and cpM16G6, corresponding to two, three, four, five and six glycine linkers, respectively) except cpM16G2 were highly expressed in E.coli cells as soluble forms at 30°C. The expression level of cpM16G2 protein was so low that no further characterization of cpM16G2 except DNA sequencing was carried out. For the remaining permutants, determination of the nucleotide sequence of the corresponding circularly permuted gene, the amino acid sequence by automatic Edman degradation and the mass of the protein by electrospray mass spectrometry confirmed that all of the circularly permuted proteins had their correct sequences (Table II) . CD spectra Figure 3 shows the far UV CD spectra of the cpM16G3, cpM16G4, cpM16G5 and cpM16G6 proteins. The cpM16G3 and cpM16G4 spectra contain double minimum curves not seen in wild-type DHFR. Conversely, the spectra of cpM16G5 and cpM16G6 were quite similar to that of the wild-type, showing a minimum at 218 nm and a maximum at 195 nm that reflect the wild-type DHFR's α/β sheet motif. Figure 4 shows elution patterns of electrophoretically homogenous preparations of cpM16G3, cpM16G4, cpM16G5 and a For the construction of cpL24G5, L24-N and L24-C primers were used instead of M16-N and M16-C primers, respectively (see Figure 2) . As a translation initiation residue, Met was added to the N-terminal Leu of cpL24G5. b For the construction of cpM1G5, M1-N and M1-C primers were used instead of M16-N and M16-C primers, respectively (see Figure 2) . cpM16G6 from a Superdex G75 column. M16G3 and M16G4 each contained two peaks corresponding to monomer DHFR (elution time~29.6 min) and associated dimer form of DHFR (elution time~26.5 min). The fraction of the associated dimer form of M16G3 and M16G4 were as high as 30 and 10%, respectively. The dimeric fraction of M16G5 and M16G6 were 3 and 5%, respectively, and these values were comparable with that of wild-type DHFR (3%).
Gel-filtration chromatography
Urea denaturation
The urea-induced denaturation of the circularly permuted proteins was monitored by tryptophan UV difference spectroscopy at 292 nm. Figure 5 shows F app (fraction of unfolded protein) versus [urea] curves of the circularly permuted proteins.
All the proteins showed two-state transitions like wildtype DHFR but had different stabilities. The thermodynamic parameters for these proteins based on two-state model are shown in Table III . The stability in terms of ∆G H 2 O was, in order of increasing stability, cpM16G3 (3.3) Ͻ cpM16G4 (4.1) Ͻ cpM16G6 (4.9) Ͻ cpM16G5 (5.2) Ͻ wild-type (6.1). The stability in terms of the midpoint of the transition followed a slightly different order: cpM16G3 (2.3) Ͻ cpM16G4 (2.4) Ͻ cpM16G6 (2.9) Ͻ wild-type (3.0) Ͻ cpM16G5 (3.1). These data indicate that five glycine residues are the best linker with respect to conformational stability. Enzymatic activity Enzymatic activity assays were performed on the circularly permuted variants. The kinetic parameters V max , K m for DHF and K d for NADPH are summarized in Table IV . Based on the values of V max and K d for NADPH, cpM16G5 was the most similar to wild-type. The K m value for DHF was essentially unchanged (~4 µM) among the circularly permuted variants except cpM16G4 (~10 µM). Thus, it can be concluded that the five glycine linker is most favorable for catalytic function of the circularly permuted DHFR.
Although the five-glycine linker provided the best activity, in terms of V max , among the various permutants, cpM16G5 was still significantly less active than wild-type (about 20%). This low activity may be due to the discontinuity that circular permutation creates in the backbone of the M20 loop, which 711 plays an important role in the catalytic cycle of DHFR by undergoing a conformational change (Sawaya and Kraut, 1997) .
Circularly permutation at Leu24 position
Having determined that the five glycine linker is optimal for the Met16 permutant, we wanted to test the general suitability of this linker by creating a permutant with termini that do not disrupt a catalytically important feature. Such a permutant could be expected to have near wild-type activity. While Met16 is located within the M20 loop, Leu24 is the residue that connects the M20 loop and α-helix B of E.coli DHFR. Thus, a peptide bond cleavage between Asn23 and Leu24 would cause less disruption to the M20 loop than occurred in cpM16G5. Therefore, a circularly permutant with a new N-terminus at Leu24 and a five glycine linker between the native termini was created (cpL24G5) and characterized. As shown in Table IV , the V max of cpL24G5 was almost the same as wild-type, although the K m and K d values were higher. The retention of full activity suggests that native N-and C-termini had been linked with minimal strain. Moreover, the lack of full activity in dpM16G5 demonstrates that the connectivity of the flexible M20 loop is important in enzymatic catalysis. 
where ∆ε obs (urea), ∆ε N (urea) and ∆ε U (urea) are the observed extinction coefficient change, the different extinction coefficient for native protein and the different extinction coefficient for unfolded protein at 292 nm at a specified urea concentration, respectively.
A mutant DHFR with a five glycine peptide at its C-teminal end, cpM1G5
To address the effects of the five glycine itself on wild-type structure and function, a mutant protein (cpM1G5) with a five glycine peptide at its C-terminus of the wild-type DHFR was also created. As already reported (Iwakura and Matthews, 1992; Iwakura and Kokubu, 1995) , extensions at the C-terminal end of DHFR with short peptides or proteins did not change DHFR catalytic activity. As well, as shown in Tables III and IV, the conformational stability and enzyme activity of cpM1G5 were quite similar to those of the wild-type.
Discussion
Recently, we reported the construction of a fully active circular form of E.coli DHFR, in which the N-and C-termini were connected with a six-residue peptide linker held in place by a disulfide bond (Iwakura and Honda, 1996) . Since the circular DHFR was stable and showed the same far UV CD spectra as wild-type, the N-and C-termini of DHFR must have been linked with minimal strain. On the other hand, Protasova et al. (1994) and Uversky et al. (1996) reported a circularly permuted E.coli DHFR with cleavage site between Ala107 and Gln108 that showed molten globule-like properties. In their circularly permuted construct, the Gln108 was also replaced by Leu as a result of gene construction, indicating further modification had taken place in addition to the introduction of the initiating Met residue just before the Gln108 position. Because circularly permuted variants of mouse DHFR using a longer linker showed full activity, optimizing the linker length seems to be crucial for obtaining the wild-type structure.
In our study, four criteria, namely, CD spectra, determination of conformational stability by urea-denaturation studies, the elution profile from gel-filtration chromatography and kinetic parameters determined by enzyme assay, were used as measures of folded structure and function. As a result, the five glycine linker proved to be the most favorable for creating circularly permuted variants. Assuming a peptide unit length of~3.8 Å, three, four, five and six glycine residues correspond to linkers with maximum lengths of 11.4, 15.2, 19.0 and 22.8 Å, respectively, suggesting that the shortest linker that could be used to connect the native N-and C-termini without inducing strain would be four glycines longer. As demonstrated by far UV CD spectra, however, the four glycine linker was not long enough to prevent conformational strain, resulting in a circular permutant with an alternatively folded structure. The enzyme assay also suggested that the four glycine linker was causing strain. While the catalytic activity in terms of V max of cpM16G3 and cpM16G4 was comparable with that of cpM16G5, NADPH binding ability was significantly decreased in these variants. On the other hand, the conformational stability of cpM16G6 was less than that of cpM16G5, suggesting that the longer linker destabilized the overall stability, probably by an entropic factor. The folded structure of six glycine linker was similar to wild-type in terms of far UV CD spectra and elution time of gel-filtration chromatography.
The characterization of the permutants with short linkers was also informative. First, in the case of the two glycine linker, the accumulation in E.coli cells was very low, probably because the circularly permuted protein with two glycine linker could not fold to a stable form and was subsequently degraded by intracellular proteolytic enzymes. Although cpM16G3 was overexpressed in E.coli cells and could be purified for characterization, the far UV CD spectrum was completely different from that of wild-type DHFR. Because the elution time of the monomeric form of M16G3 in gel-filtration chromatography is essentially the same as that of wild-type enzyme and because the urea induced unfolding showed a cooperative transition, the folded structure cannot be considered a 'molten globule'. Instead, the cpM16G3 might have a different tertiary structure, and then, we refer to the cpM16G3 monomeric form as an 'alternatively folded form of DHFR'. As much as 30% of the alternatively folded structure was in the form of a dimer (Figure 4) . Because the monomer and dimer species were well resolved, the monomer-dimer equilibrium relaxation time must have been longer than 30 min, the monomer elution time.
Besides the length of the linker, the location of new termini is a major criterion that determines the property of a circularly permuted protein. If new termini are inserted into a functionally important region, there may be negative effects on the protein function, as was the case for phosphoribosyl anthranilate isomerase (Luger et al., 1989) . In the present study Met16 was chosen as a new N-terminus because it can be used as the translation initiation site and because the region around this region is quite flexible. On the other hand, the M20 loop, where Met16 is located, plays an important role in DHFR catalytic function (Bystroff and Kraut, 1991; Sawaya and Kraut, 1997) . Thus, because the connectivity in the M20 loop was broken, the activity of cpM16G5 fell to about 20% of that of the wild-type in terms of V max . A fully active circularly permuted variant, cpL24G5, in which new N-terminus was created at the end of the M20 loop, indicates that the lower activity in cpM16G5 was due to the local effect, and not due to the introduction of a five glycine linker.
Unlike amino acid substitution, circular permutation does not change the amino acid composition of the original protein so that the total energy of covalent bonds is the same among all circularly permuted variants, if a wild-type protein with the same linker peptide at its C-terminal end (like the cpM1G5 in this study) would be taken as an original 'wild-type' protein. This means that circular permutation provides the most simple system with respect to thermodynamics. The systematic creation and analysis of circularly permuted variants, 'CP (circularly permuted) analysis', would be useful not only for understanding how primary structure dictates tertiary structure in terms of thermodynamics, but also for the elucidation of the functional role of a region of a protein, by creating new termini at a site of interest. Moreover, truncation at a terminus of a circularly permuted protein, or 'deletion CP analysis', can provide a convenient method to produce a deletion mutant. In order to implement the application described above, it is essential to optimize linker connecting the original termini. In this study it was determined that the five glycine linker is suited to this purpose in circular permutants of E.coli DHFR.
Comparison of the activities of cpM16G5, cpL24G5, cpM1G5 and wild-type DHFR suggests the importance of the connectivity of the M20 loop at the Met16 position. Further investigation to elucidate the functional role of chain connectivity at each position in DHFR is underway.
